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Anode  materials  Li4Ti50i2  (LTO)  and  Sc-doped  Li4Ti4.95Sco.o50i2-5  (LTSO)  for  lithium-ion  batteries  are  both 
successfully  synthesized  by  the  modified  sol— gel  method  with  ethylene  diamine  tetraacetic  acid  (EDTA) 
and  citric  acid  (CA)  as  a  bi-components  chelating  agent.  The  samples  are  characterized  by  XRD,  BET,  XPS, 
EDX  and  SEM.  The  dopant  Sc  totally  enters  into  the  16d  sites  of  the  spinel  structure  of  LTO,  and  then 
further  affects  its  morphology  and  property.  The  LTSO  powder  exhibits  a  3D  network  morphology  and  its 
grain  size  is  about  200  nm.  The  LTSO  electrode  material  exhibits  an  excellent  initial  discharge  capacities 
of  174  and  94  mAh  g-1  at  1  C  and  40  C,  respectively.  The  reversible  capacities  of  LTSO  at  different  current 
rates  remain  nearly  100%  after  50  cycles,  which  are  compared  with  the  capacities  of  the  second  cycles. 
Sc3+  doping  can  greatly  improve  the  electronic  conductivity  of  LTO  which  is  demonstrated  by  electro¬ 
chemical  impedance  spectroscopy.  Cyclic  voltammetry  measurements  also  reveal  that  LTSO  has  small 
polarization  resistance  due  to  the  high  electrical  conductivity  and  Li-ion  apparent  diffusion  rate. 

©  2013  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

In  recent  years,  spinel  Li4Ti50i2  (LTO)  oxide  has  been  developed 
as  a  promising  alternative  anode  material  of  lithium-ion  batteries 
for  large-scale  application  in  electric  vehicles  and  hybrid  electric 
vehicles  [1—4].  LTO  anode  shows  a  theoretical  capacity  of 
175  mAh  g-1  within  the  voltage  range  of  1.0— 3.0  V  and  an  ultra-flat 
Li  insertion  voltage  at  — 1.55  V  (vs.  Li/Li+).  Furthermore,  it  exhibits 
excellent  Li-ion  intercalation/extraction  reversibility  with  near  zero 
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volume  change  during  the  discharge/charge  processes.  Unfortu¬ 
nately,  LTO  shows  relatively  poor  high  rate  capabilities  because  of  a 
large  polarization  resistance  due  to  the  low  electrical  conductivity 
and  Li-ion  diffusion  rate.  Many  approaches,  including  reducing  the 
particle  size  [5,6],  surface  modification  by  oxides  [7],  metals  [8-10] 
and  carbon  [11-14]  coating  and  ion  doping  [15-19],  have  been 
introduced  to  improve  the  high  rate  performance  of  LTO  anode. 

Nowadays,  ion  doping  is  one  of  the  most  commonly  used  ways 
to  alleviate  the  insulating  property  of  LTO.  Various  ions  have  been 
doped  into  LTO  structure,  and  then  present  remarkably  different 
effects  on  the  morphology  and  electrochemical  property.  Kubiak 
[20]  once  reported  that  partially  replacing  Ti  by  V,  Mn  and  Fe  could 
modify  the  cation  distribution  of  crystallographic  sites  of  LTO  in  8a 
and  16d  sites.  Unfortunately,  the  dopant  V,  Mn  and  Fe  elements 
have  a  negative  influence  on  the  electrochemical  performances  of 
LTO  for  two  reasons:  the  defects  of  16d  sites  reduce  the  capacity  and 
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the  defects  of  8a  sites  create  an  irreversible  insertion  mechanism. 
Moreover,  as  reported  by  Sun  [21],  Cr  ion  can  enter  into  the  lattice 
structure  in  16c  sites  owing  to  the  similar  ionic  radius  of  Cr3+  to 
Ti4+.  The  final  result  is  the  substitution  of  Cr  ion  reduces  the  area  of 
special  impedance  and  increases  the  rate  capacity  of  LTO. 

The  synthesis  method  also  has  great  impact  on  the  properties  of 
LTO.  So  far,  LTO  powders  have  been  fabricated  by  several  methods, 
including  solid-state  reaction  method,  sol-gel  method,  combustion 
synthesis  method,  hydrothermal  method,  and  others  [22-30]. 
Among  these  methods,  the  sol-gel  synthetic  route  has  been  widely 
investigated  due  to  its  relatively  less  agglomeration  of  active  ma¬ 
terials  through  simple  steps,  and  its  products  show  excellent 
electrochemical  performance  simultaneously.  In  our  previous  work 
[31],  LTO  has  been  synthesized  by  a  modified  citric  acid  (CA)  sol- 
gel  method.  Experiment  results  show  a  high  capacity  maintenance 
ratio  of  97%  after  1000  cycles  at  1  C  and  25  °C.  However,  its  high  rate 
discharge  capacity  is  only  49  mAh  g-1  at  40  C.  Thus,  there  may  be 
still  many  opportunities,  such  as  ion  doping,  for  further  improve¬ 
ment  of  the  electrochemical  performance  of  LTO. 

As  a  new  derived  electrode  material  of  solid  oxide  fuel  cell,  low 
concentration  of  Sc3+  doping  in  the  B-site  on  Lao.8Sr0.2Mn03  [32] 
and  SrCo03_,5  [33]  shows  good  structural,  chemical  stability  and 
electrical  conductivity  under  operation  condition.  Moreover,  Sc  is 
proved  to  introduce  no  Jahn— Teller  distortion  as  there  is  no 
d  orbital  electron  for  Sc3+  (the  electronic  configuration  of  Sc3+  is 
3s23p6)  [34].  When  using  Sc3+  as  a  dopant,  Sc  occupies  part  of  16d 
sites  without  changing  the  original  structure  of  crystal.  On  the 
other  side,  the  bond  dissociation  energy  of  Sc— O  is  674  kj  mol-1 
which  is  greater  than  that  of  Ti-0  (653  kj  mol-1).  Therefore,  Sc3+ 
doping  may  greatly  improve  the  performance  of  LTO  electrode 
material  for  lithium-ion  battery  due  to  the  changes  of  lattice  pa¬ 
rameters  and  bond  energy.  In  the  present  work,  nano-sized  LTO  and 
Li4Ti4.95Sco.o50i2-5  (LTSO)  materials  are  prepared  by  the  modified 
sol-gel  route  using  ethylenediaminetetraacetic  acid  (EDTA)  and  CA 
as  a  bi-components  chelating  agent.  The  influence  of  Sc3+  doping  in 
B-site  on  the  lattice  structure,  particle  size  and  the  electrochemical 
properties  of  LTSO  are  investigated.  The  stability  of  the  LTO  without 
the  Sc-doping  is  also  studied  by  a  half-cell  system  for  comparison. 

2.  Experimental 

2.1.  Powder  synthesis 

LTSO  was  synthesized  by  the  sol-gel  method  using  the  standard 
combined  EDTA-CA  as  a  chelating  agent  [35,36].  Tetrabutyl  titanate 
(TBT),  Li2C03  and  SC2O3  (AR  grade)  were  used  as  the  raw  materials. 
Stoichiometric  amounts  of  Sc203  powder  was  first  dissolved  in 
HNO3  and  heated,  and  then  TBT  and  Li2C03  were  dissolved  in 
ethanol-HN03  preblended  solution  (the  HNO3  was  used  to  inhibit 
the  hydrolysis  of  TBT,  the  mole  ratio  of  Li:Ti:Sc  is  4.2:4.95:0.05  and 
ethanol:HN03  is  50:1,  solution  A).  The  EDTA  and  CA  were  pre¬ 
dissolved  in  ammonia  (the  mole  ratio  of  total  metal  ions  to  EDTA 
and  to  CA  is  1 :1 :2,  solution  B).  And  the  ammonia  was  aimed  at  rise 
the  pH  value  of  solution.  Then  the  above  solutions  A&B  were  mixed, 
stirred  and  heated  at  80  °C  till  the  redundant  solvent  was  evapo¬ 
rated.  The  resulting  gelatin  was  heat-treated  in  an  electric  oven  at 
240  °C  over  6  h  to  yield  LTSO  precursor.  The  solidified  precursor  was 
calcined  under  open  air  at  750  °C  for  5  h  to  obtain  final  powders. 
The  method,  which  yields  the  nano-sized  LTSO  material,  was  also 
applied  to  LTO  preparation. 

2.2.  Electrode  fabrication 

The  electrochemical  cells  consisted  of  cathode  and  anode  plates 
which  were  separated  by  microporous  polypropylene  sheet  and 


electrolyte.  The  anode  electrode  was  Li  metal  and  the  cathode 
electrode  was  Li4Ti50i2  based  composite  which  was  prepared  as 
follow  steps.  The  LTSO  powder,  carbon  electronic  conductor  (acet¬ 
ylene  black)  and  polyvinylidene  fluoride  binder  (PVDF)  were  mixed 
at  a  weight  ratio  of  85:10:5  in  N-methyl-2-pyrrolidone  (NMP)  sol¬ 
vent.  The  slurry  was  then  coated  on  the  copper  foil  (~10  pm) 
current  collector  and  dried  under  vacuum  at  120  °C  for  12  h.  The 
next  step  was  to  compress  the  composited  electrode  plate  and  then 
cut  it  to  many  small  electrode  plates  of  12  mm  diameter  (the  active 
material  is  about  1.8  mg).  The  electrolyte  was  1  M  solution  of  LiPF6 
in  ethylene  carbonate  (EC)  and  dimethyl  carbonate  (DMC, 
EC:DMC  =  1:1,  v/v).  Microporous  polypropylene  sheet  (Celgard, 
2400)  was  used  as  the  separator.  The  cells  were  assembled  in  a 
glove  box  filled  with  pure  argon. 

2.3.  Basic  characterization 

The  crystal  structures  of  the  synthesized  LTO  and  LTSO  powders 
were  examined  by  X-ray  diffraction  (XRD)  using  a  Bruker  D8 
advance  diffractometer  with  nickel  filtered  Cu  ka  radiation  (A  =  1. 
5418  A,  45  kV,  50  mA,  step  size  =  0.02°,  10°  <26  <  80°).  The  surface 
chemical  composition  of  the  LTSO  powder  was  monitored  by  X-ray 
photoelectron  spectroscopy  (XPS)  measurements  performed  with  a 
Kratos  AXIS  Ultra010  X-ray  Photoelectron  Spectrometer  and  a 
standard  Al  Ka  anode  (1486.6  eV  photon  energy,  15  kV,  300  W).  The 
particle  morphology  was  observed  using  JEOL-6930  scanning 
electron  microscopy  (SEM).  All  the  LTO  and  LTSO  samples  were 
painted  on  the  aluminum  foil.  The  specific  surface  area  of  the 
samples  was  determined  by  N2  adsorption  using  a  3H-2000  specific 
surface  area  instrument  (Brunauer— Emmett-Teller,  BET). 

2.4.  Electrochemical  characterization 

The  discharge/charge  characteristics  of  the  cells  were  performed 
over  the  potential  range  between  1.0  and  3.0  V  using  a  NEWARE  BTS 
5  V— 10  mA  computer-controlled  Galvanostat  (Shenzhen,  China)  at 
different  rates  of  0.5-10  C  at  room  temperature.  Electrochemical 
impedance  spectroscopy  (EIS)  was  carried  out  using  CHI660B 
electrochemical  workstation  (Shanghai  Chenhua  Instrument  Co. 
Ltd.,  China)  in  the  frequency  range  from  0.01  Hz  to  1  MHz,  which 
was  in  3-elecdrode  using  metallic  lithium  film  as  the  counter  and 
reference  electrode.  Cyclic  voltammetry  tests  were  performed  by  a 
CHI660B  electrochemical  workstation  over  the  potential  range  of 
1.0-3.0  V  versus  Li+/Li  at  the  scanning  rate  of  0.5  mV  s-1. 

3.  Results  and  discussion 

3.1.  Powder  characterization 

The  XRD  patterns  of  the  synthesized  LTO  samples  with  and 
without  Sc3+  doping  fired  at  different  temperatures  are  shown  in 
Fig.  1A.  The  precursor  of  LTSO  shows  an  amorphous  structure  at  the 
probe  temperature  below  400  °C.  At  500  °C,  the  diffraction  peaks 
corresponding  to  the  intermediate  phase  of  anatase  Ti02,  some 
impurity  substances  and  spinel  LTSO  phase  begin  to  appear.  It  also 
shows  the  intensity  of  the  diffraction  peaks  of  LTSO  phase  is 
gradually  enhanced  and  the  rutile  Ti02  phase  sharply  decreased 
with  increasing  the  firing  temperature  more  than  500  °C,  which 
further  indicates  the  crystallinity  and  grain  size  of  LTSO  are 
increasing  with  the  increasing  of  the  calcination  temperatures.  It 
can  be  seen  that  major  diffraction  peaks  of  LTSO  and  LTO  matches 
very  well  and  no  new  phase  formation,  which  suggests  that  Sc3+ 
doping  can  not  obviously  change  the  spinel  structure  of  LTO.  In 
addition,  as  shown  in  Fig.  1 B,  it  is  observed  that  the  diffraction  peak 
(111)  of  LTSO  slightly  shifts  to  small  angle,  which  should  be 
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Fig.  1.  X-ray  diffraction  patterns  of  LTSO  precursor  dried  at  240  °C  (a)  and  then 
calcined  at  400  °C  (b),  500  °C  (c),  600  °C  (d),  700  °C  (e),  750  °C  (f)  and  LTO  sample 
calcined  at  750  °C  (g)  for  5  h  (A)  and  the  partial  enlarged  drawing  of  (111)  diffraction 
peak  (B). 

attributed  to  the  replacement  of  some  Ti4+  for  Sc3+  in  B  sites  and  to 
the  fact  that  the  ionic  size  of  the  Sc3+  (0.075  nm)  is  larger  than  that 
of  Ti4+  (0.061  nm).  It  may  be  preliminarily  concluded  that  the 
dopant  Sc  has  entered  into  the  lattice  structure  of  LTSO  which  has 
excellent  crystallinity.  However,  one  of  the  most  remarkable  things 
is  that  the  content  of  Sc  element  is  far  less  than  5  wt%  in  LTSO 
sample,  which  is  calculated  by  stoichiometric.  The  electronic  state 
of  Sc  and  Ti  elements  that  exist  with  LTSO  material  need  to  be 
further  proved  by  XPS. 

Fig.  2A  shows  XPS  spectra  of  LTO  and  LTSO  samples  tested  under 
the  same  conditions.  Photoelectron  peaks  of  O,  Ti  and  C  elements 
were  clearly  observed  on  the  surface  of  LTO  and  LTSO  powders.  It  is 
well  known  that  the  carbon  element  in  Fig.  2A  is  likely  to  come 
from  carbon  contamination  inside  XPS  instruments.  However,  the 
position  of  the  C  1  s  peak  can  be  used  for  calibration.  The  binding 
energies  used  in  quantitative  measurements  are  shown  as  follows: 
C  1  s  at  285  eV,  Li  1  s  at  55  eV,  Ti  2p  at  457  eV,  Sc  2p  at  402  eV  and  O 
Is  at  530  eV.  As  shown  in  Fig.  2A  &  B,  very  weak  signals  for  Sc  2p 
were  detected  for  LTSO  due  to  the  very  low  ion  doping  content. 
Based  on  the  Handbooks  of  Monochromatic  XPS  Spectra  (DEMO 
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Fig.  2.  XPS  survey  spectra  (A)  and  high  resolution  XPS  spectra  of  Sc  2p  (B)  and  Ti  2p  (C) 
measured  from  Sc203,  LTO  and  LTSO  powder. 
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Version,  B.V.  Crist,  1999),  the  position  of  the  Sc  2p3/2  peak  is  around 
401.9  eV  and  the  valance  state  of  Sc  is  +3.  As  shown  in  Fig.  2B,  the 
two  peaks  of  Sc  2p3/2  in  LTSO  and  SC2O3  were  both  identified  at 
around  401.9  eV.  There  was  a  binding  energy  difference  of  about 
0  eV  between  the  Sc  2p3/2  peaks  of  SC2O3  and  LTSO  in  this  study. 
Hence,  these  observations  indicate  that  Sc  ions  are  in  the  state  of  +3 
in  LTSO.  Meanwhile  the  two  peaks  of  Sc  2pi/2  in  LTSO  and  SC2O3 
were  identified  at  406.9  eV  and  405.9  eV,  respectively.  There  was  a 
binding  energy  difference  of  about  1  eV  between  the  Sc  2pi/2  peaks 
of  SC2O3  and  LTSO.  Some  changes,  i.e.  peak  width,  peak  shape  and 
peak  position,  between  SC2O3  and  LTSO  in  Fig.  2B  were  also 
observed,  which  could  be  attributed  to  the  Sc3+  doping  in  B-site  of 
LTO  on  its  lattice  structure.  In  addition,  compared  with  the  XPS 
spectrum  of  Ti  2p3/2  and  Ti  2pi/2  of  LTO,  a  very  slight  shift  can  be 
observed  in  LTSO  powder  (as  shown  in  Fig.  2C),  indicating  the  Ti3+ 
detection  is  on  the  outer  surface.  Furthermore,  lattice  parameters  of 
LTO  and  LTSO  were  calculated  to  be  8.358  and  8.359  A  based  on  the 
normal  spinel  space  group  of  Fd3m ,  respectively.  Therefore,  the 
Sc3+  has  been  successfully  doped  into  the  lattice  structure  of  LTO 
and  then  some  Ti3+  has  been  produced  on  the  surface  of  LTSO. 

Fig.  3A  &  B  shows  the  SEM  images  of  the  LTO  samples  with  and 
without  Sc3+  doping.  It  is  obvious  that  both  samples  exhibit  a 
uniform  distribution  of  three-dimensional  space  network  struc¬ 
ture,  and  the  particle  sizes  are  200-500  nm  and  100-300  nm, 
respectively.  Combined  with  the  results  of  the  BET  surface  area,  it 
can  be  seen  that  the  particle  size  of  LTO  sample  actually  decreases 
after  the  Sc3+  doping.  As  shown  in  Fig.  3C  &  D,  energy  dispersive  X- 
ray  spectroscopy  (EDX)  has  been  done  to  identify  the  distribution  of 
Ti  and  Sc  in  LTSO.  It  suggests  that  both  Ti  and  Sc  are  uniformly 
distributed  in  the  crystal  lattice  of  LTSO.  Furthermore,  a  much 
higher  BET  surface  area  of  LTSO  than  LTO  at  the  same  calcination 
temperature  was  observed,  which  should  be  ascribed  to  the 


excessive  amount  of  HNO3  added  for  dissolving  SC2O3  in  the  syn¬ 
thesis  of  LTSO  powder.  Referring  to  our  previous  research,  the 
sintering  temperatures  of  750  °C  for  LTO  (BET  surface  area 
~4.34  m2  g-1)  and  LTSO  (BET  surface  area  ~7.42  m2  g-1)  were 
chosen  to  obtain  powders  with  good  crystallinity  for  further  tests. 
To  further  detect  whether  exist  Sc  in  the  surface  of  LTO,  significant 
Sc  formation  was  supported  by  the  EDX  detection  as  shown  in 
Fig.  4.  It  is  well  know  that  the  EDX  is  not  an  ideal  tool  for  the 
detection  of  carbon  and  oxygen  contents  due  to  the  easy  carbon  and 
oxygen  contamination  during  the  sample  preparation  process, 
especially  for  quantitatively  determination  of  the  content.  There¬ 
fore,  we  only  verify  whether  the  ratio  of  Ti:Sc  elements  could  be  in 
line  with  the  stoichiometric  ratio.  As  shown  in  Fig.  4A  and  Table  1, 
the  average  ratio  of  Ti:Sc  for  five  different  point  area  was  around  99 
(the  stoichiometric  ratio  of  Ti:Sc  =  99:1).  It  further  demonstrates 
that  the  dopant  Sc  has  totally  entered  into  the  lattice  structure  of 
LTSO. 

As  for  the  spinel  structure  of  pristine  LTO,  three  fourths  of  Li+ 
ions  occupy  the  tetrahedral  8a  sites,  the  rest  of  Li+  ions  and  Ti4+ 
ions  occupy  the  1  /6  and  5/6  of  16d  sites,  respectively.  The  32e  sites 
are  occupied  by  the  oxygen  atoms  37^40].  Expressing  the  above 
distribution  in  LTO  structure,  the  stoichiometry  can  be  written  as 
[Li]8a[Lii/3Ti5/3]i6d[04]32e-  However,  the  16c  sites  are  structurally 
vacant.  During  the  discharge  process,  the  enthetic  Li+  ion  insert 
into  the  vacant  16c  sites  and  the  internal  Li+  ions  in  8a  sites  transfer 
into  16c  sites  at  the  same  time.  Hence,  the  8a  sites  turn  empty.  So 
the  discharge  process  of  LTO  can  also  be  described  as  the  phase 
transition  from  spinel  structure  ([Li]8a[Lii/3Ti5/3]i6d[04]32e)  to  rock- 
salt  structure  ( [ Li2 ] i6c[ Lii/3Ti5 /3 ] i6d[ 04]32e)-  It  is  well  known  that  the 
valence-state  change  of  Ti  ion  from  4+  to  3+  or  the  existence  of 
oxygen  vacancy  due  to  the  ion  doping  has  been  mentioned  in  many 
literature  [6,15,16,41,42].  Here,  the  Sc-doping  will  change  the 


Fig.  3.  SEM  images  of  the  obtained  LTO  (A)  and  LTSO  (B)  powders;  and  the  EDX  element  mapping  of  Ti  (C)  and  Sc  (D)  on  the  LTSO  particles. 
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Fig.  4.  SEM  image  of  the  pristine  LTSO  powder  at  high  magnification  (A)  and  the 
related  EDX  analysis  of  LTSO  at  point  area  1(B). 


occupancy  situation  of  spinel  structure  of  LTO  where  the  16d  sites 
may  be  partially  occupied  by  Sc3+  ions.  In  order  to  further  inves¬ 
tigate  the  structure  of  LTSO  and  the  influence  of  Sc3+  doping,  a 
structure  model  has  been  made  according  to  the  neutron  diffrac¬ 
tion  data  which  has  been  reported  by  Aldon  [37].  As  shown  in  Fig.  5, 
the  Sc3+  doping  could  causes  some  Ti4+  reduce  to  Ti3+  within  the 
octahedron  coordinated  framework.  And  then  the  oxygen  vacancies 
and  the  deformation  of  polyhedron  may  be  present  in  LTSO  struc¬ 
ture.  The  doping  of  Sc3+  on  Ti4+  site  and  oxygen  vacancies  will 
cause  the  transition  of  a  small  quantity  of  Ti  ions  from  Ti4+  toTi3+  as 
charge  compensation.  Therefore,  the  number  of  electrons  was 
increased  and  hence,  electronic  conductivity.  As  a  result,  it  is 
believed  that  the  Sc3+  ions  into  the  spinel  structure  of  LTO  will 
further  improve  its  electrochemical  performance. 

3.2.  Electrochemical  characterization 

The  grain  size  and  morphology  of  the  active  materials  in  Li-ion 
battery  typically  have  a  significant  effect  on  their  electrochemical 
performance.  A  larger  specific  surface  area  means  more  active  sites 
in  electrode  materials,  and  thus  a  higher  first  discharge/charge 
capacities  will  be  observed.  In  order  to  enable  active  the  real 


Table  1 

EDX  data  of  LTSO  by  spot  scan  method  in  Fig.  4A’s  different  areas. 


Number 

Sc  (mass  percent,  %) 

Ti  (mass  percent,  %) 

Ti:Sc  (mole  ratio) 

1 

0.37 

37.59 

95.42 

2 

0.42 

44.32 

99.11 

3 

0.33 

35.47 

100.95 

4 

0.29 

31.35 

101.53 

5 

0.36 

39.25 

102.40 

Average 

- 

99.88 

capacity  of  the  electrode  material,  the  cell  was  discharged  and 
charged  under  0.5  C  rate  for  two  cycles  before  testing.  Fig.  6A  shows 
the  discharge/charge  curves  of  the  cell  with  the  LTSO  electrode  at 
the  rate  between  1  C  and  40  C  over  the  voltage  range  between  1.0 
and  3.0  V.  It  clearly  shows  that  the  first  discharge  capacities  reached 
174,  171,  161,  143,  121  and  94  mAh  g-1  corresponding  to  the 
discharge  rates  of  1  C,  2  C,  5  C,  10  C,  20  C  and  40  C,  respectively.  The 
capacities  gradually  drop  by  the  increasing  of  discharge/charge 
rate.  As  shown  in  Table  2  and  Fig.  6B,  the  obtained  first  specific 
discharge  capacity  of  LTSO  is  higher  than  that  reported  by  Wang 
et  al.  [43]  for  LTO  and  Li3.95Lao.o5Ti50i2  (La-LTO).  Moreover, 
compared  with  other  doped  LTO  electrode  materials  in  literature 
[42,44-48],  it  still  possess  much  better  high-rate  performance. 
Fig.  6B  shows  the  cycling  performance  of  LTO  and  LTSO  at  the  rate 
between  1  C  and  40  C.  It  can  be  seen  that  Sc-doped  LTO  shows  the 
great  superiority  on  specific  capacities  at  high  rates,  meanwhile,  the 
difference  between  the  capacities  of  LTO  and  LTSO  increases  with 
the  increasing  of  the  current  rates.  This  improvement  of  the  high 
rate  capacities  of  LTSO  could  be  related  to  the  improved  specific 
surface  area  and  the  Li  ion  extraction/insertion  and  electronic 
apparent  diffusion  rate.  Fig.  6B  also  shows  the  discharge  capacities 
of  LTSO  at  1  C,  2  C  and  5  C  rates  are  exceptionally  stable  with  the 
increasing  number  of  cyclings.  Flowever,  there  are  some  capacity 
losses  appeared  at  the  early  few  cycles  at  high  discharge/charge 
rates  between  10  C  and  40  C.  This  could  be  attributed  to  the  Li 
insertion  into  the  LTO’s  bulk  phase  can’t  completely  deintercalated 
from  16c  sites  when  charge  rate  is  suddenly  changed  from  low  rates 
to  high  rates  or  the  possible  decomposition  of  the  organic  elec¬ 
trolyte  [31  ].  Therefore,  further  work  about  the  electrode  kinetics 
needs  to  be  done. 

The  cycling  behavior  of  the  same  cell  at  the  discharge/charge 
rate  range  between  1  C  and  40  C  within  a  potential  range  between 
1.0  and  3.0  V  was  further  carried  out,  which  was  progressively 
discharged  and  charged  for  50  cycles  in  series  stages.  As  shown  in 
Fig.  7,  the  relatively  stable  discharged  capacities  were  observed  at 
all  stages.  After  the  initial  capacity  loss,  all  the  curves  show  smooth 
horizontal  lines  and  very  high  capacity  retentions  upon  cycling.  As 
can  be  seen  from  Table  3  that  all  the  capacity  retentions  are  more 
than  90%,  and  the  capacity  of  Sc-doped  LTO  was  167  and 
77  mAh  g-1  at  1  C  and  40  C  rates  after  50  cycles,  respectively. 
Compared  to  our  previous  work  [31],  the  capacities  of  pristine  LTO 
material  are  only  162  and  41  mAh  g_1  at  the  same  operation  con¬ 
ditions.  These  results  suggest  that  the  Sc3+  doping  in  B-site  of  LTO  is 
very  effective  in  enhancing  the  electrochemical  performance 
especially  at  high  rate  capacity.  Furthermore,  it  is  very  interesting 
that  if  we  ignore  the  first  cycle,  the  capacity  retention  could  exceed 
99%.  Flence,  according  to  the  results  obtained  in  this  work,  the 
nano-LTSO  is  considered  to  be  an  excellent  electrode  material. 

Fig.  8A  and  B  shows  the  Nyquist  plots  and  equivalent  circuit  of 
the  LTO  electrode  with  and  without  Sc3+  doping  in  the  frequency 
range  of  100  kHz  to  0.01  Hz.  The  experimental  results  could  be 
fitted  well  with  the  proposed  equivalent  circuit.  In  the  equivalent 
circuit,  Rs  is  attributed  to  the  ohmic  resistance  of  the  electrolyte;  Rct 
indicates  the  charge  transfer  resistance  at  the  active  material 
interface;  Rf  is  the  polarization  resistance;  Cdi  represents  the 
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Fig.  5.  Lattice  structure  image  of  LTO  (A)  and  LTSO  (B)  which  is  the  view  along  the  (110)  direction,  correspond  to  the  8a,  16d  and  32e  sites.  The  centers  of  red  tetrahedra  and  green 
octahedra  are  lithium  (8a)  and  lithium/titanium  (16d).  The  light  red  polyhedron  distortion  is  the  result  of  Sc3+  doping  or  Ti4+  reduced  toTi3+.  (For  interpretation  of  the  references  to 
color  in  this  figure  legend,  the  reader  is  referred  to  the  web  version  of  this  article.) 


double-layer  capacitance,  and  Cf  is  the  surface  capacitance.  Zw 
means  the  Warburg  impedance  caused  by  a  semi-infinite  diffusion 
of  Li+  in  the  electrode.  After  going  through  the  simulation,  the  Rct 
for  the  LTSO  electrode  {Rc t  =  66  Q)  is  much  smaller  than  the 


0  10  20  30  40  50  60 

Cycle  number 

Fig.  6.  The  first  discharge-charge  curves  of  LTSO  (A)  and  five  cycling  performance  of 
LTSO  and  LTO  produced  by  modified  sol-gel  method  and  LTO  produced  by  solid  state 
method  in  our  previous  work  (B)  at  the  discharge  rate  range  between  1  C  and  40  C 
within  a  potential  range  between  1.0  and  3.0  V. 


undoped  LTO  ( Rct  =  72  Q).  This  result  indicates  that  the  charge 
transfer  at  the  electrolyte/electrode  interface  is  greatly  improved 
after  Sc3+  doping.  Based  on  the  relationship  between  the  real  axis  Z! 
and  the  reciprocal  square  root  of  the  lower  angular  frequencies 
W-°-5,  the  Warburg  impedance  coefficient  crw  can  be  obtained  from 
Fig.  9,  and  then  the  Li-ion  diffusion  coefficient  D  can  be  calculated. 
The  chemical  diffusion  coefficient  of  Li+  can  be  estimated  according 
to  the  Fields  law  [49,50]. 


2A2n4F4C2a^v 

Here,  D  is  the  diffusion  coefficient  of  lithium  ion,  R  is  the  gas 
constant,  T  is  the  absolute  temperature,  A  is  the  surface  area  of  the 
electrode,  n  is  the  number  of  electrons  per  molecule  during  oxi¬ 
dization,  F  is  the  Faraday  constant,  C  is  the  concentration  of  lithium 
ion,  and  aw  is  the  Warburg  factor.  The  conductivity  measurement 
shows  the  value  of  D  is  9.13  x  10-12  cm2  s_1  and 
5.16  x  10-14  cm2  s-1  for  the  LTO  with  and  without  Sc3+  doping, 
respectively.  Based  on  the  above  results,  the  Sc3+  doping  into  LTO 
significantly  improve  the  Li+  apparent  diffusion  rate  and  reduce  the 
charge  transfer  resistance  which  exhibits  much  better  electro¬ 
chemical  performance  compared  with  the  undoped  LTO  electrode. 

Fig.  10  shows  the  cyclic  voltammograms  of  cells  using  LTO  and 
LTSO  as  active  materials  at  the  scanning  rate  of  0.5  mV  s-1  between 
1.0  and  3.0  V.  As  shown  in  Fig.  8,  the  cyclic  voltammogram  curves  of 
LTO  and  LTSO  are  similar.  There  is  only  one  pair  of  reduction  and 
oxidation  peak  appearing  on  the  cyclic  voltammogram  curve  of 
LTSO  and  the  redox  peaks  are  extremely  sharp  and  well-fined 
splitting.  That  means  Sc-doped  LTO  are  well  crystallized  and  pure, 
which  is  in  accordance  with  the  result  of  XRD  examination. 
Furthermore,  the  cathodic  peak  corresponding  to  the  voltage 
platform  of  the  first  discharge  process  in  which  Li  intercalated  into 
the  LTSO  anode  is  located  at  ~  1.52  V  (vs.  Li)  and  the  anodic  peak 


Table  2 

The  first  discharge  capacities  of  electrode  materials  prepared  by  the  EDTA-CA  sol- 
gel  method  (Ref.  [31]  and  this  study)  and  solid-state  reaction  method  (Ref.  [43])  at 
the  discharge/charge  rate  range  between  1  C  and  40  C. 


Rate 

The  first  discharge  capacity  (mAh  g  1) 

LTSO 

LTO  (Ref.  [31]) 

LTO  (Ref.  [43]) 

La-LTO  (Ref.  [43]) 

1  C 

174 

164 

167 

171 

2  C 

171 

149 

152 

161 

5  C 

161 

138 

120 

139 

10C 

143 

110 

89 

112 

20  C 

121 

75 

62 

82 

40  C 

94 

50 

35 

55 

56 
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Cycle  number 


Fig.  7.  The  cyclic  performance  of  LTSO  at  the  discharge  rate  range  between  1  C  and 
40  C  within  a  potential  range  between  1.0  and  3.0  V. 


Table  3 

Capacity  retention  of  LTSO  prepared  by  the  EDTA-CA  sol-gel  method  at  the 
discharge/charge  rate  range  between  1  C  and  40  C  after  50  cycles. 


Rate 

Capacity  at  different  cycles  (mAh  g  1) 

Capacity  retention  (%) 

1st  (Ci) 

2nd  (C2) 

50th  (C50) 

C50/C1 

C50/C2 

1  C 

169 

167 

167 

98.8 

100 

2  C 

163 

163 

163 

100 

100 

5  C 

155 

149 

148 

95.5 

99.3 

10C 

137 

131 

130 

94.9 

99.2 

20  C 

113 

107 

106 

93.8 

99.1 

40  C 

85 

77 

77 

90.6 

100 

Fig.  9.  The  relationship  between  real  impedance  with  the  low  frequencies  of  the  LTO 
half  cell  with  and  without  the  Sc3+  doping  in  the  original  state. 

corresponding  to  the  voltage  platform  of  the  first  charge  process  in 
which  Li  deintercalated  from  the  anode  is  located  at  ~  1.65  V  (vs. 
Li).  For  pristine  LTO,  the  cathodic  peak  and  anodic  peak  is  located  at 
— 1.51  V  and  -1.65  V,  respectively.  The  potential  difference  be¬ 
tween  the  first  anodic  and  cathodic  peaks  was  reduced  from 
140  mV  to  130  mV.  Such  differences  may  be  caused  by  the  influence 
of  particle  size  and  inherent  properties  of  electrode  materials  on 
the  electrochemical  performance.  As  a  result,  the  electrode  polar¬ 
ization  of  LTSO  is  not  as  serious  as  that  of  LTO  and  therefore  LTSO  is 
supposed  to  get  better  electrochemical  performances  at  high 
discharge  current  rates  which  is  well  confirmed  by  the  result  of 
Fig.  6. 

4.  Conclusions 


Nano-scale  LTO  and  Sc-doped  LTO  materials  have  been  suc¬ 
cessfully  synthesized  by  EDTA-CA  sol-gel  method.  The  products 
calcined  at  750  °C  for  5  h  show  very  pure  phase  and  uniform  par¬ 
ticle  size  distribution.  The  dopant  Sc  has  totally  entered  into  the  B 
site  of  the  lattice  structure  of  LTO.  The  LTSO  sample  has  smaller 
particle  size  and  higher  specific  surface  area  than  the  undoped  LTO. 
The  electrochemical  performance  of  LTSO  exhibits  excellent 


Fig.  8.  Electrochemical  impedance  spectra  of  the  LTO  half  cell  with  and  without  the 
Sc3+  doping  at  the  original  state  (A)  and  related  equivalent  circuit  (B). 


Fig.  10.  Cyclic  voltammograms  of  cells  using  LTO  and  LTSO  as  anode  materials  at  the 
scanning  rate  of  0.5  mV  s_1. 
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discharge  capacities  of  174  and  94  mAh  g-1  at  1  C  and  40  C 
discharge  rate,  respectively.  Sc3+  substitution  greatly  increased  the 
reversible  capacity  and  cycling  stability  of  LTO  at  low  discharge 
rates.  Furthermore,  LTSO  has  been  proved  to  have  smaller  charge 
transfer  resistance  and  higher  lithium-ion  diffusivity  by  EIS  mea¬ 
surements.  All  the  results  demonstrate  that  Sc3+  doping  is  benefi¬ 
cial  to  the  reversible  intercalation  and  extraction  of  Li  ion.  Thus,  the 
LTSO  is  a  very  promising  high  rate  electrode  material  for  lithium- 
ion  batteries. 
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